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摘 要 
 
红树林是生长在热带、亚热带地区的木本植物群落，具有极为重要的生态价
值和经济价值。红树植物具有较高的富集汞的能力，其叶与大气之间存在持续的
汞交换过程。目前，关于红树植物对离子汞耐受性的研究已有很多，而有关红树
植物对气态汞胁迫的响应及其耐受性机制的研究却鲜有报道。因此，本研究以桐
花树（Aegiceras corniculatum）幼苗为材料，利用封闭通量箱测定其在饱和气态
汞（Hg0）胁迫下的生理、解剖结构和亚细胞结构的变化，探究桐花树叶片与大
气汞交换的昼间变化规律及其影响因素。探讨其对汞的富集和耐受机制。研究结
果表明： 
（1）桐花树幼苗叶片对气态汞胁迫的响应及其各部位对汞的吸收和累积结
果显示：Hg0胁迫下，胁迫组丙二醛最高值出现时间早于对照组的；胁迫组脯氨
酸含量最高值含量较高；随着胁迫时间的增加，胁迫组桐花树叶片叶绿素含量呈
现先上升后下降的趋势，而对照组叶片叶绿素含量变化不大；胁迫组每天的可溶
性糖含量均低于相应对照组。同时，桐花树幼苗叶片抗氧化酶（SOD、POD、
CAT）活性和还原型谷胱甘肽（GSH）含量也受到一定影响：与对照相比，胁迫
组 SOD活性最高值较高且出现较早；胁迫组 POD活性均低于相应时间对照组；
胁迫组 CAT 活性则表现为短时间胁迫高于对照，长时间胁迫低于对照；短时间
汞胁迫 GSH 含量较低，长时间汞胁迫较高。而且桐花树幼苗各部位汞含量表现
为：叶>茎>根。且叶中汞含量显著高于茎汞和根汞（P<0.05），幼苗各部位生物
量和汞分配量成正比。茎各部分汞含量大小为：皮<木质部<髓，髓汞含量显著
大于皮汞和木质部汞（P<0.05）。表明，汞胁迫虽可造成桐花树幼苗叶片膜质过
氧化，光合作用和蛋白质的合成过程受阻。但是桐花树幼苗叶片的抗氧化酶系统
和非酶系统协同作用，以减缓汞胁迫对自身的伤害；同时，Hg0胁迫下，叶是植
物吸收汞的重要部位。且叶吸收的汞主要经茎髓传递到根。对整株植物而言，生
物量越大，其汞分布量越大。 
（2）桐花树叶解剖结构和超微结构对气态汞胁迫的响应及其叶中汞的亚细
胞和形态分布结果如下：Hg0胁迫下，桐花树叶栅栏组织和海绵组织结构未发生
明显变化，但其中的单宁含量有所增加；受胁迫后，桐花树幼苗叶片气孔密度显
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著下降。停止胁迫五天后，叶片气孔密度仍显著低于未受胁迫叶片的气孔密度
（P<0.05）。但其石细胞密度并未发生显著变化；与对照相比，胁迫组叶肉细胞
的线粒体和细胞核并没有发生显著变化，但胁迫组叶绿体基质片层扭曲，淀粉粒
和脂滴含量明显较多；胁迫五天（5Hg）和停止胁迫五天后（5RHg）的桐花树
幼苗叶汞形态以残渣态为主；5Hg 处理组根中各提取态含量大小为：残渣态>氯
化钠提取态>盐酸提取态>去离子水提取态≈醋酸提取态≈乙醇提取态。与 5Hg 处
理组相比，虽然停止 5RHg处理组叶中汞形态仍以残渣态为主，但其根中残渣态
汞所占比例有所减少，盐酸提取态和醋酸提取态汞所占比例有所增加；与对照相
比，胁迫组各亚细胞组分汞含量由高到低依次为：可溶部分>细胞器>细胞壁>细
胞膜，其中细胞可溶部分汞含量所占比例最高。表明，汞胁迫可使桐花树幼苗叶
片单宁含量增加，可对叶片气孔造成不可逆的伤害，但并不会对石细胞密度产生
显著影响；与线粒体和细胞核相比，叶绿体对 Hg0胁迫较为敏感，Hg0胁迫可对
桐花树叶片叶肉细胞的代谢产生影响；但桐花树幼苗可将吸收的汞转化为活性较
低的形态，积累在以液泡为主的可溶部分，以增强自身抗汞胁迫的能力。 
（3）Hg0 胁迫后红树植物桐花树幼苗叶片昼间释汞变化及叶光合作用结果
显示：胁迫组与对照组净光合速率（Pn）、气孔导度（Gs）和蒸腾速率（Tr）均
表现为先下降后上升又下降的趋势，除 17:30外，相应时间点胁迫组均小于对照
组；胁迫组胞间二氧化碳浓度（Ci）最高值出现在 11:30，对照组最高值有所推
迟。昼间释汞量表现为先降低又升高再降低的趋势，与 Pn、Gs 和 Tr 显著正相
关（P<0.05），与 Ci 显著负相关（P<0.05），但与昼间温度变化没有明显的相关
关系。表明，光照和气孔是桐花树幼苗释汞的关键影响因素，温度并不是影响其
释汞的关键因素。 
 
关键词：桐花树；气态单质汞；交换；富集 
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Abstract 
 
Mangroves are woody plant communities, which locate in tropics and subtropics 
zone, possessing very important ecological and economic value. Mangrove plants 
have a higher ability of mercury enrichment, besides there is a continuous process of 
mercury exchange between mangroves leaves and the air. Nowadays much more 
studies focus on the mechanism of mercury ion tolerance of mangrove plants. 
However there are few reports of researches on the response of mangrove plants to 
gas elemental mercury stress and the tolerance mechanism. So in order to investigate 
the mechanism of mercury enrichment and tolerance of mangrove plant Aegiceras 
corniculatum with gas elemental mercury (Hg
0
) added, Aegiceras corniculatum were 
cultivated in the water under the flux chamber, their physiological properties, 
anatomical characteristics, subcellular traits were determined under saturated Hg
0
. In 
addition, the diurnal variation of mercury exchange between A. corniculatum leaves 
and the air and the influence factors were measured. The main results were as follows: 
(1) The response of A. corniculatum leaves to mercury stress and the results of 
mercury absorption and enrichment in different tissues showed that under Hg
0
 stress, 
the peak value of the treated leaves’ malondialdehyde contents appeared earlier than 
the control’s; the maximum value of the treated leaves’ proline was more than the 
control’s; with stress time increasing, chlorophyll contents of the stressed leaves 
increased at first, then decreased, while the control’s changed little; soluble sugar 
contents of stressed groups’ leaves were lower than the control’s everyday. At the 
same time, activities of antioxidant enzymes (SOD, POD, CAT) and content of 
reduced glutathione (GSH) of A. corniculatum leaves were also influenced by Hg
0
: 
compared with the control groups, the peak value of SOD activities in the treated 
groups’ leaves appeared earlier than the control’s; POD activities in stressed groups’ 
leaves were lower than the control’s everyday; CAT activities of the treated were 
lower than the control’s under short-time stress, but higher under long-time stress; 
GSH contents of the treated were lower under short-time stress, while higher under 
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long-time stress. Meanwhile contents of different organs of A. corniculatum under 
Hg
0
 stress were as follows: leave>stem>root, mercury contents in roots were 
remarkably higher than in leaves and stems (P<0.05). And the biomass of different 
parts is proportional to the amount of mercury distribution in A. corniculatum. 
Besides, mercury concentration of different parts of the stem was: bark<xylem<pith. 
The amount of mercury in pith were significantly higher than other portions of stem 
(P<0.05). These all illustrated that Hg
0
 stress could lead to membrane lipid 
peroxidation of mangrove plant A. corniculatum leaves, the photosynthesis and 
protein synthesis of them were inhibited, too. While the antioxidant enzymes system 
and non-enzymatic system of A. corniculatum leaves worked together to enhance the 
antioxidant abilities and strengthen organism resistance to mercury. Furthermore, 
leaves is the main part of plants to absorb mercury when stressed by Hg
0
, and the 
mercury assimilated by leaves can be transported into the underground part mainly 
through the pith of stem. At the same time, the bigger biomass they were, the higher 
amount the mercury distribution was for the whole plant.  
(2) The subcellular distribution and chemical forms of mercury and effects of 
mercury on anatomical structure and ultrastructure in A. corniculatum leaves showed 
that the anatomical structure of palisade tissue and spongy tissue did not changed 
markedly but the tannin content of raised in A. corniculatum; Stomatal density of A. 
corniculatum leaves obviously decreased when stressed by Hg
0
. And the density of 
stomatal in leaves still signally lower than the untreated (P<0.05). While stone cell 
density didn’t change significantly; there were no obvious change in the structure of 
leaf cell mitochondria and nucleus in Hg
0
 added groups, but in chloroplasts stroma 
lamella was distorted and contents of starch grain and lipid droplet dramatically raised; 
In groups with (5Hg) or without (5RHg) Hg
0
 treated for five days. In roots of the 5Hg 
groups, the mercury percentage of different chemical forms was showed as follows: 
residual>NaCl-extractable>HCl-extractable>water-extractable≈HAC-extractable≈etha
nol-extractable form. Compared with the 5Hg groups, although the residue was still 
the dominating chemical form in leaves of A. corniculatum seedlings of the 5RHg 
groups, the proportion of residual mercury went down with the proportion of HCl- 
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and HAC-extractable mercury going up in the root; Compared with the controls, the 
concentration of mercury in the cell components of the Hg
0
 added groups was sorted 
from high to low as follows: the soluble part>organelle>cell well>cell membrane, in 
which mercury proportion of the soluble part was much higher than the other cell 
parts. These all manifested that Hg
0
 could make the content of tannin elevated, 
irreversibly damaging the stomatal, but had no obvious impact on the density of the 
stone cells; chloroplasts of A. corniculatum were more sensitive than mitochondrias 
and nucleus, in addition Hg
0
 had a certain influence on the metabolism of mesophyll 
cells; However A. corniculatum seedling could transform mercury inside it into lower 
active forms and storied mercury in the soluble part to strengthen the capacity of 
mercury resistance.    
 (3) Results of diumal mercury change and photosynthesis indexes of A. 
corniculatum leaves under Hg
0
 stress showed that the net photosynthetic rate (Pn), 
stomatal conductance (Gs) and transpiration rate (Tr) decreased firstly, increased 
again and decreased finlly in both control and Hg
0
 added groups, the value of which 
in treated groups, compared with the controls, was less at all corresponding time 
points except 17:30; the peak value of intercellular carbon dioxide concentration (Ci) 
of the treated groups appeared at 11:30, which was later than the controls. The diumal 
mercury change showed as follow: reduced at first, again raised and then decreased in 
the end, which was positively correlated with Pn, Gs and Tr (P<0.05), and negatively 
related with Ci (P<0.05). Nonetheless, there was no distinct relationship between the 
diumal mercury variation and the temperature. These results declared that light and 
stoma were the key influence factors of mercury emission in A. corniculatum, while 
temperature was not.  
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